The presence of a local renin-angiotensin system has been established in organs which serve as angiotensin targets. In this study, the expression of angiotensinogen mRNA, and subcellular localization of renin, angiotensin-converting enzyme and angiotensin II were investigated in bovine adrenal medullary cells in primary culture. By light microscopy, expression of angiotensinogen mRNA, immunoreactive renin, angiotensin-converting enzyme and angiotensin II were readily detectable only in the chromaffin cells. The density distribution of renin and angiotensin II in sucrose gradients suggested a concentration in chromaffin granules, a localization directly confirmed by immunoelectron microscopy. Reverse transcriptase-polymerase chain reaction and sequencing confirmed the expression of angiotensinogen in bovine chromaffin cells and adrenal medulla. In addition, in vitro autoradiography indicated that both angiotensin-converting enzyme and angiotensin type 1 receptors were present in the adrenal medulla. These results provide the first direct evidence that chromaffin cells in the adrenal medulla are not only the target for angiotensin, but should also be considered as potential local angiotensin-generating and -storing cells.
INTRODUCTION
The renin-angiotensin system (RAS) exerts a wide variety of actions on the cardiovascular, renal, endocrine, and nervous systems in both physiological and pathological conditions (13) . These actions are mediated by angiotensin II (Ang II) and other shorter angiotensin fragments (31, 33) . There is now considerable evidence that Ang II and its active shorter fragments are produced and act locally in a number of its target organs including the brain, anterior pituitary, testes, ovaries, adrenal glands, sympathetic ganglia, kidneys, heart, blood vessel walls, and eyes (2, 11, 15, 34, 38) . However, where and how angiotensins are locally formed is still controversial. One hypothesis proposes that angiotensinogen (AGT) -or directly Ang I or Ang II -secreted from one type of cell, is taken up from the extracellular fluid and subsequently converted into the active peptides by an adjacent, different cell type (8, 11) . In contrast, abundant experimental evidence supports the proposal that a complete intracellular RAS can be responsible for the formation of angiotensins in a single cell (2, 6, 7, 12, 17, 22, 25, 26) . Ang II has long been known to stimulate catecholamine release from the adrenal medulla both in vivo and in vitro (19) . Long-term stimulation of isolated bovine adrenal medullary chromaffin cells by Ang II modulates the gene expression of catecholamine biosynthetic enzymes and proenkephalin (35, 36, 39) . These findings indicate that Ang II can act locally within the adrenal gland by interaction with Ang II receptors to stimulate adrenal medullary cells.
A number of studies indicate that the adrenal medulla may possess an intrinsic RAS. Renin-like material has been found in human adrenal medulla (23) and angiotensin converting enzyme (ACE), renin as well as Ang II are present within rat adrenal medulla H-01092-2001 R1 4 (3, 4, 16) . The expression of renin and AGT proteins and their mRNA has also been reported in pheochromocytoma and PC12 cells (28, 32) . The above evidence therefore suggests that adrenal medullary cells are targets for Ang II, not only carried by the circulation, but also generated locally by an intrinsic RAS. However, comprehensive evidence for the existence and local generation of all components in normal adrenal medullary cells is still lacking. For example, in the studies mentioned above, it remained to be clarified whether the various components of RAS in adrenal medulla are of local or systemic origin (11, 32) . Our previous studies demonstrated a selective uptake of Ang II into chromaffin cells (40, 41) , but did not rule out the possibility of local angiotensin generation inside these cells.
To test for the existence of a local RAS, it is essential to demonstrate that all components are not derived from the circulation but are of local origin. To this aim, in addition to an investigation at the tissue level, this study was performed on cultured adrenal medullary cells, which may also provide in the future a relevant and powerful system to study the regulation of the expression of its components. Three levels of resolution were addressed. At the tissue level, angiotensin-converting enzyme (ACE) and 
MATERIALS AND METHODS
Cell Culture: Bovine adrenal glands were obtained from the local slaughterhouse and primary cultures of chromaffin cells were prepared as described previously (40, 41) .
Antibodies: Polyclonal rabbit anti-Ang II antiserum was purchased from Amersham (Buckinghamshire, England). Goat anti-rat renin antiserum was a generous gift of Dr. T. Inagami (24) . To verify antibody specificity, rabbit anti-Ang II and goat antirenin antiserum were pre-absorbed for 2 h with 100 µg/ml Ang II (synthetic human peptide, 99 % purity, Sigma, Steinheim, Germany), or 2 mg/ml rat renin granule lysate [prepared as described by Sagnella and co-workers(30)], as appropriate, or 2 mg/ml BSA for control. Monoclonal mouse anti-rat renin antibodies (IgG2a) were purchased from Swant (Bellinzona, Switzerland). Monoclonal antibodies against ACE (clones 4051 and 3502) were purchased from Chemicon (Temecula, CA, USA). Monoclonal antibodies against bovine chromogranin A (CGA; an IgG1) were prepared and characterized in our laboratory (9) . Fluorescent secondary reagents as well as all nonspecific sera were from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Immunofluorescence: This procedure was performed as described earlier (40, 43) .
Samples were incubated overnight at 4ºC with primary antibodies (1:800 dilution for rabbit anti-Ang II antiserum; 1:1000 for goat anti-renin antiserum; 1: 1000 for mouse anti-ACE antibodies; 1 ìg/ml for mouse anti -CGA antibodies). Secondary antibodies (for Immunogold labeling was performed three times. For quantification of labeling intensity, at least ten micrographs were randomly taken and gold particles were counted on granules and the remaining cell components (further referred to as "rest of the cytoplasm"). The surface area of both cell compartments was determined and the labeling intensity (gold particles per µm 2 ) was calculated.
Subcellular fractionation and radio-immunoassay: Subcellular fractionation of post-nuclear fractions of chromaffin cells in linear sucrose density gradients (0.3-1.7 M) was performed as described (40) . Renin-like activity was measured by the production of Ang I with the Renin-Ang I radioimmunoassay (RIA) kit from Du Pont (Boston, MA, USA). RIA reagents and protocol for Ang II were supplied by Amersham (Buckinghamshire, UK). Samples contained 20 U/ml aprotinin and 10 mM EDTA to prevent proteolysis. In our hands, the detection limits were 7 fmol/assay for Ang I and 5 fmol/assay for Ang II. Intra-assay variations were 1-5% and inter-assay variations 2-7%.
In situ hybridisation: Non-radioactive in situ hybridization cytochemistry was performed as described by Darby and Sernia (7) with the minor modifications previously described (43) . Biotinylated antisense oligonucleotide probe complementary to bases 122-169 of the human AGT mRNA sequence (14) was used.
As negative controls, cells were (i) pretreated with 0.005% RNase A (Boehringer are presented as relative intensity by reference to β-actin. Bovine liver was used as a positive control. Lymphocytes, isolated as previously described (42), were used as a negative control. PCR products were directly sequenced by an automated system, using fluorescence-labeled dideoxynucleotides (Applied Biosysytems, Foster City, CA USA). 
RESULTS

Immunoreactivity of Ang II, ACE and renin in bovine adrenal medullary chromaffin cells
By immunofluorescence of primary bovine adrenal medullary cell cultures, there was a clear punctate labeling for Ang II, ACE and renin in all chromaffin cells (based on overall appearance and specific immunolabeling), at the exclusion of nuclei.
Preabsorption with 99 % pure Ang II or renin granule lysate, as appropriate, abolished these signals (Figs 1B, D) . Both Ang II (Fig. 1A) and renin ( 
Subcellular distribution of Ang II and renin by isopycnic sucrose gradient centrifugation
For analytical subcellular fractionation studies, post-nuclear fractions of chromaffin cells were equilibrated in linear sucrose gradients, after which protein, noradrenaline and Ang II contents, as well as the NADPH-cytochrome C reductase and renin activities were measured in each fraction (Fig. 3) . The distribution of Ang II was similar to that of noradrenaline. Most of these constituents appeared in the loading zone, which contains all proteins and components derived from the cytosol or released by damaged organelles (fractions 1-3; top of the gradient). The particulate material was very dense (fractions 13-14; bottom of the gradient), suggesting a granular localization in noradrenaline-containing particles. As to renin distribution, in addition to a minor component in the loading zone, there were two major peaks of particulate material, one at H-01092-2001 R1 12 fractions 8-10, corresponding to the peak of the endoplasmic reticulum marker enzyme, NADPH-cytochrome C reductase, and a very-dense peak at fractions 13-14, i.e. at the position of the chromaffin granule marker, noradrenaline. Thus, a major part of renin can be attributed to subcellular particles, including very-dense granules containing sedimentable noradrenaline and Ang II. In preliminary experiments, it was found that most CGA codistributed with noradrenaline (data not shown). i.e. a 14-fold enrichment). About 65 % (63/96) of the chromaffin granules were labeled with gold particles for Ang II and about 83 % (90/109) for renin. Since the majority of granules were labeled by either renin or Ang II, one has to conclude that at least a substantial fraction of chromaffin granules indeed contained both antigens.
Ultrastructural localization of Ang II and renin by immuno-electron microscopy
AGT mRNA expression is restricted to chromaffin cells
To search for the presence of the Ang II precursor, AGT, in chromaffin cells, we fmol/mg wet weight tissue, mean ± SD, n = 6) higher intensity in the medulla than in the cortex (183 ± 28 fmol/mg). For control, binding was completely abolished by EDTA (Fig. 8B) . Similarly, the specific binding of the AT 1 8D ).
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DISCUSSION
In contrast to the well understood circulatory RAS, a satisfactory definition of a local RAS is still elusive. The existence of all components of the system within tissues that are targets for angiotensins is now well accepted (2, 11, 15, 17, 29; 34, 38) . However, the presence of all components of the RAS in the same cells would provide an attractive model to study its intracellular organization and regulation (26) . Such an intrinsic RAS has been proposed by Marley et al. for the adrenal medulla (18) , although evidence was fragmentary and obtained from different species (4, 16, 18, 20, 23, 41) . The present study ourselves (39, 40) . At the tissue level, we further demonstrate by in vitro radioligand autoradiography that chromaffin cells also contain ACE and AT 1 receptors.
The concept of angiotensins production by an intracellular mechanism is supported by a number of studies. Typical examples are the demonstration of the presence of AGT, renin, ACE, Ang I and Ang II in cultured neuroblastoma cells (6, 25, 26) and the demonstration that AGT, renin, Ang I and Ang II occur in renal cortical cells (7, 12) . AGT and renin were found in the same human uterine decidual cell (17) . AGT mRNA, renin and Ang II were also found in the superior cervical ganglion neurons (43) .
In addition, the RAS in dog ventricular myocytes and stellate ganglia could be H-01092-2001 R1 16 upregulated with ventricular pacing (2) and by high-frequency preganglionic stimulation (15) , respectively.
However, this attractive concept still meets with some difficulties. Some early experiments demonstrated that AGT and renin were located in different cells. In the brain stem, for example, AGT mRNA and protein are present in astrocytes, whereas renin occurs in neurons (11) . Therefore, it has been suggested that AGT generated by one cell type is either taken up by adjacent renin-containing cells and further processed therein to active angiotensins, or processed extracellularly to Ang I or Ang II, which are then taken up (11, 21) . However, the localization of AGT and renin in the same types of cells (neuronal, renal cortical, uterine decidual cells or ventricular myocytes) (2, 6, 7, 12, 17, 22, 25, 26) and even in the same granule has also been reported (12, 22) .
By analogy with the latter findings, the subcellular fractionation analysis combined with granular immunogold pattern reported here demonstrate that renin and Ang II at least partially co-localize in dense chromaffin granules. Localization of Ang II in secretory vesicles was also demonstrated in neurons of the rat subfornical organ, where immunogold labeling for Ang II was concentrated on large dense-cored vesicles in axon terminals (27) . Co-distribution in the sucrose density gradients of the renin intermediate- preparations derived from either tissue (1) or cultured cells (39, 40) .
In conclusion, our results show that all components of the RAS are present in 
